Nucleoporin 98 (Nup98), a glycine-leucine-phenylalanine-glycine (GLFG) amino acid repeatcontaining nucleoporin, plays a critical part in nuclear trafficking. Injection of antibodies to Nup98 into the nucleus blocks the export of most RNAs. Nup98 contains binding sites for several transport factors; however, the mechanism by which this nucleoporin functions has remained unclear. Multiple subcellular localizations have been suggested for Nup98. Here we show that Nup98 is indeed found both at the nuclear pore complex and within the nucleus. Inside the nucleus, Nup98 associates with a novel nuclear structure that we term the GLFG body because the GLFG domain of Nup98 is required for targeting to this structure. Photobleaching of green fluorescent protein-Nup98 in living cells reveals that Nup98 is mobile and moves between these different localizations. The rate of recovery after photobleaching indicates that Nup98 interacts with other, less mobile, components in the nucleoplasm. Strikingly, given the previous link to nuclear export, the mobility of Nup98 within the nucleus and at the pore is dependent on ongoing transcription by RNA polymerases I and II. These data give rise to a model in which Nup98 aids in direction of RNAs to the nuclear pore and provide the first potential mechanism for the role of a mobile nucleoporin.
INTRODUCTION
The nuclear pore complex is a massive structure that conducts all traffic between the nucleus and cytoplasm (reviewed by Ohno et al., 1998; Gorlich and Kutay, 1999; Ryan and Wente, 2000; Vasu and Forbes, 2001 ). The pore has been studied intensely at the structural level in both yeast and vertebrate systems (Stoffler et al., 1999a; Allen et al., 2000) . Although the vertebrate pore is larger and thought to contain a greater number of constituent proteins, the pores of both yeast and vertebrates share a similar structural organization. The central mass of the nuclear pore displays eightfold symmetry around a central axis perpendicular to the nuclear envelope. Two distinct sets of fibers extend out from the cytoplasmic and nuclear faces of the pore. On the nuclear side, the fibers are joined together at their distal ends by a ring to form the nuclear basket of the pore. Additionally, the nuclear basket of both yeast and vertebrate pores has associated filaments that extend for considerable distances into the nuclear interior and may serve to direct transport cargoes to and/or from the pore.
A subset of the nuclear pore complex proteins (nucleoporins or Nups) each contain a domain with multiple, nontandem repeats of the amino acid sequences FG, FXFG, or GLFG (glycine-leucine-phenylalanine-glycine). These domains provide docking sites for a family of nuclear transport signal receptor proteins (known as importins, exportins, and transportin, or collectively as karyopherins). The repeat domain nucleoporins are found in multiple substructures of the nuclear pore and thus are thought to facilitate the move-ment of receptors between the nucleus and the cytoplasm (Mattaj and Englmeier, 1998; Hood and Silver, 2000) . The affinity of repeat domains for transport receptor-cargo complexes varies at different sites in the pore; an import receptor-cargo complex binds most tightly to Nup153, which is found on the nuclear side of the pore (Shah et al., 1998; Ben-Efraim and Gerace, 2001 ). Conversely, Nup214 on the cytoplasmic fibers has the highest affinity for a nuclear export complex (Fornerod et al., 1997) . These observations have led to one model in which cargoreceptor complexes cross the pore by progressively binding to higher affinity sites (Ben-Efraim and Gerace, 2001 ). Alternatively, a second model suggests that translocation through the nuclear pore is an essentially stochastic process, with those cargo-receptor complexes that do reach the opposite side of the pore finding one high-affinity-binding site, Nup153 or Nup214, and then being rapidly disassembled to release the cargo (Rout et al., 2000; Ribbeck and Gorlich, 2001) .
At its terminal binding site, the transport complex is disassembled by the GTPase, Ran. Import cargo complexes are disassembled by Ran-GTP, whereas export cargo complexes are stabilized by Ran-GTP and disassembled after GTP hydrolysis. To facilitate the directionality of traffic, Ran is maintained in the GTP-bound state within the nucleus and in the GDP-bound state in the cytoplasm (reviewed by Gorlich and Kutay, 1999; Azuma and Dasso, 2000; Conti and Izaurralde, 2001) .
A surprising feature of current models is their depiction of the pore complex as a static structure, essentially a scaffold for the binding sites on which transport receptors traffic. An important question is whether the pore itself contributes to transport other than by providing the proper arrangement of receptor-binding sites. Observations of conformational changes of the nuclear pore in response to elevated calcium levels (Kiseleva et al., 1996; Stoffler et al., 1999b; , Balbiani ring granule binding to the basket (Kiseleva et al., 1996) , or after injection of Ran-GTP suggest that the nuclear pore may undergo dynamic structural changes coupled to trafficking. A second indication of a more active role is the observation that some nucleoporin move on and off the pore (Daigle et al., 2001) , or may themselves translocate through the pore, but precisely how this would be linked to substrate trafficking is as yet unclear Zolotukhin and Felber, 1999; Dilworth et al., 2001) .
How transport through the pore is linked to the nuclear interior is also unclear. The pore-associated protein Tpr has been shown to form filaments that extend from the nuclear pore basket into the nucleoplasm (Cordes et al., 1993) . In yeast, two proteins, MLP1p and MLP2p, are believed to form similar filaments (Strambio-de-Castillia et al., 1999) . Such filaments could direct imported proteins from the pore to sites in the nuclear interior; alternatively, they could aid in targeting export cargo to the pore. The possibility of filaments directing transport cargo to or from the pore is especially intriguing in light of recent protein mobility measurements within the nucleus (Kruhlak et al., 2000; Phair and Misteli, 2000) . Nuclear proteins move through the nucleoplasm far more slowly than predicted by diffusion, whereas a nonnuclear protein such as green fluorescent protein (GFP), when artificially directed to the nucleus, moves at nearly the predicted diffusion rate. The slowed mobility is believed to result from repeated transient interactions between nuclear proteins and other, more immobile nuclear components (Misteli, 2001; Pederson, 2001) .
We have focused on the function of one nucleoporin, Nup98, as a means to address the workings of the nuclear pore. Nup98 is the only known vertebrate member of the GLFG repeat domain family (Powers et al., 1995; Radu et al., 1995) . In yeast, this family comprises five nucleoporins, three of which, Nups100, 116, and 145, are most closely related to Nup98 and function primarily in nuclear export Blobel, 1993, 1994; Fabre et al., 1994; Bailer et al., 1998) . Similarly, Nup98 seems to play its primary role in nuclear export. We have previously shown that injection of Nup98-specific antibodies blocks export of most RNAs while leaving protein import unaltered (Powers et al., 1997) . In keeping with this, Nup98 binds in vitro to multiple export factors, including RaeI/Gle2, TAP, and CRM (Neville et al., 1997; Pritchard et al., 1999; Bachi et al., 2000; Strasser et al., 2000; Strawn et al., 2001) . However, Nup98 can also bind to several import receptors in vitro and may contribute in some way to nuclear import (Fontoura et al., 2000) . At the nuclear pore complex, Nup98 was localized by electron microscopy to the basket on the nuclear face of the pore (Radu et al., 1995) . A fraction of Nup98 is likely to be within the nucleus, based both on our original immunofluorescence localization in Xenopus cells (Powers et al., 1995) and on the observation that overexpression of Rev can cause relocalization of Nup98 to nucleoli (Zolotukhin and Felber, 1999) . Additionally, Nup98 was recently shown to bind in vitro to the nuclear filament protein Tpr (Fontoura et al., 2001) .
To address the potential mechanism of action of Nup98, we have applied a powerful new approach for the study of nuclear trafficking: photobleaching of a fluorescently tagged nucleoporin in living cells. We initially carried out a careful analysis of the localization of Nup98 within the nucleus using a combination of immunofluorescence and electron microscopy. Both Nup98 and GFP-Nup98 are localized not only at the nuclear pore complex but also in the nuclear interior, where Nup98 can associate with a novel nuclear body. We used photobleaching of GFP-Nup98 in live cells to address Nup98 mobility and function. We present data indicating that Nup98 moves between the nuclear interior and the pore, as well as between the nucleus and the cytoplasm. Most importantly, through the use of specific inhibitors, we show that the mobility of Nup98 is coupled to ongoing transcription of RNA.
MATERIALS AND METHODS

DNA Constructs
The full-length, hemagglutinin-tagged human Nup98 cDNA was a gift from Dr. Julian Borrow. An EcoRI site was inserted at the N terminus by polymerase chain reaction (PCR) and the Nup98-coding sequence was ligated in-frame into pEGFP-C1 (CLONTECH Laboratories, Palo Alto, CA) to generate GFP-Nup98. The N terminus (amino acids 1-225), GLFG domain (221-504), and C terminus (506 -920) of Nup98 were each amplified by PCR and inserted into pEGFP-C3 (CLONTECH). All constructs produced by PCR were sequenced for confirmation. Cell Culture XL177 cells were a gift from Dr. Rebecca Heald and were grown at room temperature in 70% Leibovitz L-15 medium supplemented with 15% fetal calf serum (FCS), 100 g/ml penicillin, and 100 U/ml streptomycin. HeLa cells were grown in high glucose DMEM (Life Technologies, Rockville, MD) supplemented with 10% FCS, 2 mM glutamine, 100 g/ml penicillin, and 100 U/ml streptomycin. tsBN2 cells were a gift from Dr. Ian Macara and were maintained in the same medium as HeLa cells but at 33.5°C. For temperature shifts, tsBN2 cells were placed at 39°C for 4 h before imaging. For inhibitor studies, leptomycin B (a gift from Dr. Minoru Yoshida), 5,6-dichloro-1-␤-d-ribofuranosylbenzimidazole (DRB; Calbiochem La Jolla, CA), and actinomycin D (actinomycin C 1 ; Roche, Indianapolis, IA) were used at concentrations of 0.1, 75, and 5 g/ml, respectively. For transient transfections, fugene 6 (Roche) was used according to the manufacturer's instructions. To estimate the relative levels of expression for GFP-Nup98 and endogenous Nup98, transfections were scored by fluorescence for percentage of transfected cells, then lysed, and immunoblotted with antibody to the C terminus of human Nup98 (anti-hNup98; amino acids 506 -920; 1:1500). The relative signal intensities were corrected for percentage of transfection to arrive at an estimate of relative protein amounts.
Immunofluorescence
For immunofluorescence experiments, cells were fixed in 4% paraformaldehyde for 10 min and permeabilized with 0.2% TritonX-100 on ice for 10 min. Samples were blocked with 3% bovine serum albumin plus 0.02% TritonX-100 in phosphate-buffered saline (PBS; block) for 30 min, incubated with primary antibody diluted in block for 30 min, and washed four times in 1.5% bovine serum albumin plus 0.02% Triton X-100 in PBS. Fluorescent secondary antibody diluted in block was applied for 30 min, and cells were washed as described above. The dye H33258 (Hoechst; 1 g/ml; Calbiochem) was included in the penultimate wash step to visualize DNA. Coverslips were mounted with Vectashield (Vector Laboratories, Burlingame, CA). The following antibodies used: anti-xNup98 (1:50; Powers et al., 1995) , anti-hNup98, (1:3000), anti-PML (mAb 5E10, 1:10; Santa Cruz Biotech, Santa Cruz, CA), anti-SC35 (1:1000; Accurate Chemical, Westbury, NY), anti-p80 coilin (antibody R288, 1:400; Andrade et al., 1993) , anti-Ran (1:1000; Transduction Laboratories, San Diego, CA), goat anti-rabbit rhodamine isothiocyanate (1:800; Jackson Immunoresearch, West Grove, PA), and goat anti-mouse rhodamine isothiocyanate (1:500; Jackson Immunoresearch).
Still images were captured using either a BX60 microscope (Olympus, Tokyo, Japan) with an 8-bit camera (Dage-MTI, Michigan City, IN) and IP Lab software (Scanalytics, Fairfax, VA) or an LSM 510 confocal microscope (Zeiss, Thornwood, NY). For deconvolution microscopy, stacks of images were deconvolved using HazeBuster software from Vaytek (Fairfield, IA), running a nearest-neighbor algorithm to remove out-of-field fluorescence.
Live Cell Imaging
For live cell imaging, cells were grown and transfected in LabTek II-chambered coverslips (Nalgene, Rochester, NY). Before imaging, the medium was removed and replaced with DMEM supplemented with 20% FCS and 25 mM HEPES, pH 7.0, and the chambers were sealed with petroleum jelly to prevent evaporation of the medium. Imaging was performed using a Zeiss LSM510 confocal microscope. An ASI 400 air stream incubator (Nevtek, Burnsville, VA) was used to maintain the cells at 37°C during imaging.
Fluorescence Recovery after Photobleaching (FRAP) and Fluorescence Loss in Photobleaching (FLIP) Analyses
For qualitative FRAP analysis, cells expressing GFP-tagged proteins were identified on the Zeiss LSM 510 confocal microscope using the 488-nm line of a Kr/Ar laser operating at 75% laser power and 1.1% transmission (imaging intensity). An area of the selected cell was outlined for bleaching. Four imaging scans of the whole cell were performed, and then the selected area was bleached using 25 bleaching iterations with 75% laser power and 100% transmittance (bleaching intensity). After the photobleach, scans were taken at imaging intensity every 1.5 s for 2 min or until the fluorescence intensity reached a plateau.
To quantitate the recovery of GFP-Nup98 or GFP-GLFG in nuclear bodies, bleaching was performed as described above except that the pinhole was opened to maximum diameter to provide a deeper Z-axis. For quantitation of the faster recovery of GFP or GFP-Nup98 in the nucleoplasm, cells were imaged using an ROI (region of interest) zoom that allows for faster image acquisition. The cells were imaged 10 times before photobleaching and 90 times afterward with a scan speed of 250 ms. All measurements were corrected for background fluorescence, as determined by measuring the average noncellular fluorescence in the sample. To correct for the loss of fluorescence during the bleach pulse and during imaging, the total cellular fluorescence was measured in each scan, and fluorescence in the region of interest was normalized to the change in cellular fluorescence using the following equation: I norm ϭ T 0 I t / T t I 0 , where I norm is the normalized intensity of the region of interest, T 0 is the cellular fluorescence before photobleach, T t is the cellular fluorescence at time t, I 0 is the intensity at the region of interest before photobleach, and I t is the intensity in the region of interest at time t (Phair and Misteli, 2000) . To graph the data, the first scan after photobleaching was set as 0 s, and the normalized intensity at each time point multiplied by 100 was plotted as the percentage of initial fluorescence. The data points were then fitted with a nonlinear curve using Origin 6.1 software (OriginLab, Northampton, MA). The half-time of recovery was the time at which the fluorescence had recovered to an intensity halfway between the postbleach intensity and the maximal recovery. The percentage difference between recovery to 100% of the prebleached fluorescence intensity and the maximal recovery was determined to be the immobile fraction.
For FLIP analyses, a region of the cytoplasm was selected and bleached 10 times, followed by two imaging scans. This pattern was repeated for 100 iterations, and the nuclear fluorescence was measured over time. To graph fluorescence lost in photobleaching, the background-corrected fluorescence at the time before the initial photobleach was set as 100%. The corrected fluorescence at each time point after bleaching was divided by the prebleach intensity and multiplied by 100 to give the percentage of initial fluorescence.
For videos, scans were collected as described for the appropriate procedure, false colored, and ordered in IP Lab and exported as QuickTime (Apple Computer, Cupertino, CA) movies.
Electron Microscopy
XL177 cells on coverslips were fixed in 4% paraformaldehyde and 0.2% glutaraldehyde and washed with 0.1 M phosphate buffer, pH 7.4 (PB), followed by PB containing 0.1% sodium borohydride to inactivate residual aldehyde groups. The cells were then permeabilized with PB containing 0.05% Triton X-100 for 20 min at room temperature and washed with PB. Blocking solution was PBS, pH 7.4, containing 4% normal goat serum (NGS). After blocking, cells were incubated with affinity-purified rabbit anti-xNup98 antibody (1:50) in PBS containing 1% NGS. After six washes with PBS, cells were incubated with a biotinylated goat anti-rabbit secondary antibody (1:200) in PBS and 1% NGS. After washing, cells were incubated in avidin-biotin complex (Vector ABC Elite, Vector Laboratories). Immunoreactivity was visualized by incubation in 0.05% 3-3Ј-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO) and 0.003% hydrogen peroxide in 0.05 M Tris, pH 7, for 2 min. Cells were washed, postfixed with 2.5% glutaraldehyde in PB, washed again, fixed with 0.5% osmium tetroxide for 15 min, dehydrated, and embedded in Eponate 12 resin (Ted Pella, Redding, CA) for sectioning.
For immunogold detection, the above protocol was followed with the following changes. The blocking solution contained 0.1% cold water fish skin gelatin (Aurion, Wageningen, The Netherlands) in addition to NGS. The cells were incubated overnight at 4°C with the secondary antibody, an ultrasmall gold-conjugated Fab2 fragment of goat anti-rabbit IgG (Aurion) diluted 1:100 in PBS and 1% NGS. The cells were washed with PBS and postfixed with 2.5% glutaraldehyde in PB for 2 h. Silver enhancement was performed with R-gent SE-EM solution (Aurion) according to manufacturer's instructions.
RESULTS
Nup98 Is Targeted to the Nucleoplasm and Nuclear Bodies, in Addition to the Nuclear Pore
The localization of the nucleoporin Nup98 has been controversial. In Xenopus cells using an affinity-purified antibody raised against xNup98 isolated from Xenopus egg extracts, we have consistently observed Nup98 within the nucleus, both in the nucleoplasm and in intensely fluorescent dots (Figure 1A, a; Powers et al., 1995) . Another group reported that Nup98 is primarily at the nuclear pore complex based on both immunofluorescence and immunoelectron microscopy (Radu et al., 1995) . Under some circumstances, such as during prophase of the cell cycle, our antibody did indeed reveal a nuclear rim stain ( Figure 1A , c and d; Powers et al., 1995) . These localization patterns suggested to us that a substantial pool of Nup98 within the nucleus could be masking the population of Nup98 at the nuclear rim. This intranuclear population might be better recognized by some antibodies than by others or be lost from the nucleus under some fixation conditions. We raised an antibody against the C-terminal domain of human Nup98 and investigated Nup98 localization in human cells. In HeLa cells, we more readily observed a nuclear rim stain; additionally, we detected nucleoplasmic staining and intranuclear dots ( Figure  1B ). Although the intranuclear dots were not as prominently stained as in Xenopus cells, they were observed in approximately one-third of HeLa cells. When a fusion of GFP to the amino terminus of human Nup98 was transfected into either HeLa or Cos7 cells, the live cells exhibited a punctate nuclear rim fluorescence and also reproduced the diffuse nucleoplasmic stain and the fluorescent intranuclear dots ( Figure 1C , a and b). An immunoblot of the transfected cells demonstrated that GFP-Nup98 was not greatly overexpressed in these cells; from the relative signal intensities and extent of transfection, we estimate the average level of GFP-Nup98 per cell to be no more than double that of endogenous Nup98 ( Figure 1C ). As further demonstration that the GFPNup98 localization is representative of endogenous protein, fluorescent colocalization established that the same intranuclear dots contain both endogenous Nup98 and transfected GFP-Nup98. To avoid recognition of the GFP-Nup98 protein by the anti-C-terminal antibody used to detect the endogenous Nup98 protein, for this experiment, we transfected GFP fused to only the GLFG domain of Nup98 (GFPNup98*) because this fusion is localized to the intranuclear dots, although not to the nuclear pore ( Figure 1C , c-e; see also Figure 4B ). Additionally, we have found that in vivo, like the endogenous Nup98, GFP-Nup98 is able to bind and coprecipitate its partner protein, RaeI/Gle2 (Griffis and Powers, unpublished results) . Taking all of these data together, we conclude that Nup98 is found both at the nuclear envelope and within the nucleus and that this localization is accurately represented by GFP-Nup98.
To further investigate the nuclear organization of Nup98, we utilized deconvolution microscopy ( Figure 1D ; Wang, 1998; McNally et al., 1999) . This analysis of endogenous Nup98 in Xenopus cells revealed that the dots observed within the nucleus were actually composed of a cluster of smaller structures, which gave them an overall irregular, rather than round, surface ( Figure 1D, a) . When we imaged GFP-Nup98 transiently expressed in HeLa cells, a similar cluster-like structure was observed ( Figure 1D, b) , suggesting that GFP-Nup98 is incorporated into an equivalent structure or body.
The fine structure of the Nup98-containing bodies was further probed by electron microscopy. Xenopus cells were stained for Nup98 by immunohistochemistry using DAB, which produced a pattern identical to that seen in immunofluorescence ( Figure 1E, a) , and enabled identification of the Nup98 bodies in the electron microscope. DAB was consistently deposited around smooth, spherical bodies of ϳ0.2 m in diameter (Figure 1E, b) . Immunogold staining with anti-Nup98 labeled the same spherical structures ( Figure 1E , c). In some sections, it was possible to see more than one spherical structure, as would be expected if the structures were clustered. In these cases, one body has a diameter of ϳ0.2 m, whereas the other appears smaller, because the section does not pass through its center.
To address the nature of these nuclear bodies, we performed colocalizations with antibodies to components of known nuclear bodies (reviewed by Matera, 1999) . Because very few of these antibody markers cross-react with the homologous Xenopus proteins, colocalization experiments were generally performed in HeLa cells transfected with GFP-Nup98 ( Figure 2 ). As before, GFP-Nup98 was found at the nuclear envelope and also in the nuclear bodies. The Nup98 bodies did not colocalize with p80 coilin (Figure 2, c) , a component of the Cajal bodies (coiled bodies; Gall, 2000) , nor did the Nup98 structures correspond to either PML/ ND10 bodies (Figure 2, f) or nuclear splicing speckles (Figure 2, i ). An antibody to Xenopus coilin was available and, when used for colocalization, indicated that endogenous xNup98 did not associate with the Cajal bodies (Figure 2 , a-c, insets). Based on these results, we conclude that the nuclear bodies in which we detect Nup98 are most probably novel structures.
Nup98 Is Dynamically Associated with Nuclear Bodies and with the Nuclear Pore
Because we observed Nup98 in multiple compartments of the nucleus, it was important to understand whether this protein can readily move within and between these different nuclear domains. To address this, we took advantage of the GFP-Nup98-expressing cells and the technique of FRAP (reviewed by Lippincott-Schwartz et al., 2001) to measure the mobility of Nup98 in the nucleus. The top row of panels in Figure 3A depicts photobleaching of an Nup98-containing intranuclear body. Images were collected every 1.5 s for a total of 2 min after bleaching. In the middle row are images from a photobleach and recovery of Nup98 in the nucleoplasm. In this experiment, the area indicated in the first was imaged as shown in succeeding panels. After the bleach, images were taken every 150 ms for 25 s to monitor recov- ery. It is evident that Nup98 moves dynamically in and between these compartments; recovery is observed within seconds, with maximum recovery after ϳ20 s for the nuclear bodies and after 3-4 s for the nucleoplasmic protein. Recovery of fluorescence in the nuclear bodies represents exchange of bleached for unbleached protein; over long time courses we never observed that the bodies increased in size as unbleached protein became associated. For comparison, a similar analysis was performed on cells expressing free GFP, which recovered nearly instantaneously in the nucleoplasmic bleach protocol (Griffis and Powers, unpublished results) .
Fluorescence quantitation was performed to more precisely compare the relative half-times of recovery. Background fluorescence was subtracted from each measurement, and values were corrected for the small amount of bleaching that results from repetitive imaging (see MATE-RIALS AND METHODS). The corrected values were then normalized to the prebleach fluorescence to obtain the percentage of initial fluorescence. From the data in Figure 3B , we were able to calculate the half-time of recovery for Nup98 in different locations. In the nucleoplasm, GFPNup98 recovers with a half-time of 1.16 s. In contrast, GFP has a half-time that is shorter than 200 ms; we were unable to obtain significant bleaching because of the very rapid recovery of the bleached area. As has been previously described for the RNA-splicing factor, ASF, the reduced mobility of a nuclear protein fused to GFP relative to that of GFP alone most likely reflects transient interactions between the nuclear protein and other nuclear components (Kruhlak et al., 2000) . In contrast, GFP, which has no nuclear function, would not be expected to interact with nuclear components and thus should exhibit unrestricted movement. Nup98 fluorescence in the nuclear bodies recovers with a half-time of 11.8 s and exhibits an immobile fraction of ϳ25%. The nuclear bodies could be subjected to multiple rounds of FRAP, and each time showed similar kinetics of recovery and the same immobile fraction (Griffis and Powers, unpublished results) , demonstrating that the bleach was complete and did not cause short-term damage to the cell.
The data above indicated that Nup98 could rapidly associate with and disassociate from one structure, the intranuclear body. We next asked whether Nup98 interacts dynamically with the nuclear pore complex. The bottom row in Figure 3A illustrates FRAP performed on the nuclear envelope of a GFP-Nup98 -expressing cell. Insets in each panel contain a magnification of a small region of the nuclear envelope that crosses the bleach boundary. After the bleach, GFP-Nup98 fluorescence returns to the nuclear rim, an indication that Nup98 does in fact move on and off of the pore complex. Because the minimal optical slice of 0.3 m is greater than the thickness of the pore, it was not possible to absolutely exclude recovery of some photobleached protein within the nucleoplasm from our quantitative measurements. Therefore, we could not accurately measure a halflife of Nup98 recovery at the nuclear pore; however, it is clear that this recovery is not as rapid as recovery after photobleaching of the intranuclear bodies (in Figure 3A , compare top and bottom). We also performed this experiment in the presence of cycloheximide and found that recovery was not further slowed (Griffis and Powers, unpublished results) . Thus, the recovery at the pore did not depend on new protein synthesis.
Recovery of GFP-Nup98 fluorescence at the nuclear rim could occur by one of two mechanisms. Unbleached GFPNup98 from the nucleoplasm could exchange for the bleached GFP-Nup98 on the nuclear pore complex. Alternatively, nuclear pore complexes could be sufficiently mobile in the nuclear envelope that unbleached pores would move into the region previously occupied by pores containing photobleached Nup98. These two mechanisms would lead to very different predictions about the pattern of recovery after photobleach of a large region of the nuclear envelope. To distinguish between these two models, we performed a photobleach of one-half the area of the nuclear envelope and watched the subsequent recovery of fluorescence ( Figure  3C ). The GFP-Nup98 signal did not return as a gradually shrinking bleached circle, as would be expected if nuclear pores were moving through the envelope from all directions around the bleached area. Rather, the signal increased simultaneously throughout the bleached area along with a concomitant drop in fluorescence within the unbleached region of the nuclear envelope. Our results are in agreement with, and supported by, the recent elegant demonstration by Ellenberg and colleagues that the nuclear pores are not mobile within the plane of the nuclear envelope (Daigle et al., 2001) . Thus, we conclude that Nup98 moves continuously on and off the nuclear pore.
The GLFG Domain Targets Nup98 to the Intranuclear Bodies
Like many nucleoporins, Nup98 has a well-defined domain organization. To determine which region(s) of the protein was required for the localization pattern and dynamics that we observed, we fused GFP individually at the N terminus of: 1) the N-terminal domain including the Gle2/Rae1-binding sequences, 2) the GLFG repeat domain, and 3) the Cterminal domain, which contains the putative nucleoporin RNA-binding motif (Figure 4) . We determined the localization and the recovery after photobleaching for each domain. Strikingly, although each of these fusion proteins was at least partially localized to the nucleus, only the GLFG repeat domain associated with intranuclear bodies ( Figure 4B) . None of the individual domains showed a preferential localization to the nuclear pores, a finding we have also seen with in vitro assembled nuclear pores (Smith and Powers, unpublished results). FRAP experiments were performed to assess the mobility of each of the domains. We found that the N-and C-terminal fusions recover rapidly after photo- bleaching of the nucleoplasm (half-time of 0.38 and 0.37 s, respectively), although they recover significantly slower than does GFP (Figure 3 ). In the nucleoplasm, the GLFG domain fusion consistently had a slightly longer half-time of recovery (0.54 s). When the nuclear bodies were photobleached, the GLFG domain showed a time course of recovery closer to that of the full-length GFP-Nup98 (half-time of 5.6 s). We conclude that, although each of these domains participates in some interactions with other nuclear proteins, it is the GLFG repeat domain that targets Nup98 to intranuclear bodies; consequently, we have referred to these as GLFG bodies.
Nup98 Moves between the Nucleus and the Cytoplasm
FLIP (reviewed by White and Stelzer, 1999; LippincottSchwartz et al., 2001 ) provides a powerful approach to assess whether distinct cellular compartments are in equilibrium. To determine whether nuclear or nuclear pore complexassociated Nup98 could exchange with the very small population of Nup98 in the cytoplasm, we repetitively bleached a region of the cytoplasm and asked whether GFP-Nup98 fluorescence decreased in the nucleus. For comparison, we monitored the effect of the same bleach protocol on GFPcoilin, which has been reported to shuttle between the nucleus and cytoplasm in Xenopus oocytes (Bellini and Gall, 1999) . Strikingly, the FLIP experiments revealed that Nup98 does move between the nucleus and the cytoplasm ( Figure 5A , top). GFP-Nup98 fluorescence was reduced to background levels in ϳ20 min. To our surprise, we observed that human coilin did not shuttle at an appreciable rate in either HeLa or Cos7 cells ( Figure 5B ; Griffis and Powers, unpublished results) . This may reflect a difference between human and Xenopus coilin or, alternatively, a distinction between oocytes and somatic cells. However, the fact that we did not observe nucleocytoplasmic shuttling made GFP-coilin an ideal control for the effects of nonspecific photobleaching during the FLIP experiment. Less than 8% of the GFP-coilin signal was lost from the nucleus during the time course of this experiment ( Figure 5A ).
The possibility existed that a mobile population of GFPNup98 might move between the nucleoplasm and cytoplasm but not assemble into the nuclear pore complex. To test this, we carried out FLIP as described above but monitored fluorescence at the nuclear rim. Again, we found that GFP-Nup98 fluorescence was lost with repetitive bleaching of the cytoplasm ( Figure 5A, bottom) . Photobleaching of GFP-Nup98 at the nuclear pore occurred with a time course of ϳ40 min. We conclude from this that the mobile population of GFP-Nup98 is in equilibrium with the population at the nuclear pore complex.
Nup98 Trafficking Is Independent of the Ran Gradient
The trafficking of most, but not all, nuclear proteins is dependent on the small GTPase, Ran, and GTP. However, a growing number of substrates is proving to be exceptions to this rule. The export of spliced mRNA, unlike that of tRNA and snRNA, does not require nuclear Ran GTP (Clouse et al., 2001) . RCC1, the Ran exchange factor required to generate the GTP-bound form of Ran, can be imported by two distinct transport pathways, one of which is independent of both energy and the Ran gradient (Nemergut and Macara, 2000) . The importin ␤ family of transport receptors, when not carrying cargo, can traffic through the pore independently of Ran (Kose et al., 1999) . We asked whether the trafficking of Nup98 between cellular compartments requires an existing Ran gradient. GFP-Nup98 was expressed in tsBN2 cells, which carry a temperature sensitive mutation in the RCC1 gene. These cells were then shifted to the nonpermissive temperature for 4 h to remove RCC1 and cause Ran to accumulate in the GDP-bound form. Under these conditions, the steady-state localization of GFP-Nup98 was not changed ( Figure 6A, prebleach) . Photobleaching of the cytoplasm in an FLIP experiment indicated that GFP-Nup98 continued to traffic between the nuclear and cytoplasmic compartments ( Figure 6A ). At the same time point, Ran was monitored by immunofluorescence and found to have substantially relocalized to the cytoplasm, an indicator of loss of the Ran gradient (Nemergut and Macara, 2000 ; Figure 6B ). The time course of GFP-Nup98 FLIP was compared in temperatureshifted and unshifted tsBN2 cells and found to be indistinguishable ( Figure 6C) . We conclude that, like some other components of the transport machinery, Nup98 can traffic through the nuclear pore independently of Ran.
The Mobility of Nup98 in the Nucleus Is Sensitive to Inhibitors of Transcription
The results presented above suggested that Nup98 is a remarkably mobile nucleoporin, both within the nucleus and between the nucleus and the cytoplasm. However, these experiments could not reveal the functional significance of Nup98 trafficking. To begin to assess the physiological role of this mobile nucleoporin, we treated GFP-Nup98 -expressing cells with chemical inhibitors of a variety of processes. Our previous work had indicated a role for Nup98 in nuclear RNA export (Powers et al., 1997) . To determine whether there was a link between RNA export and the mobility of Nup98, we initially treated cells with actinomycin D to inhibit transcription by RNA polymerases I and II and carried out FRAP as described above. Remarkably, we observed that after actinomycin D treatment there was virtually no recovery after photobleaching in the nucleus (Figures 7, A and C) . This loss of mobility was observed for Figure 5 . FLIP reveals that Nup98 can shuttle between the nucleus and cytoplasm. (A) An area of cytoplasm was repeatedly bleached, and the loss of fluorescence from the nucleus was measured over time. As a control, a cell expressing GFP-coilin was repeatedly bleached in the cytoplasm, and the loss of nuclear fluorescence was measured. As the graph indicates, only 8% of the nuclear GFP-coilin was photobleached over the full time course of the experiment. In contrast, GFP-Nup98 fluorescence decreased Ͼ94% during the same time course. The data points plotted are not averaged but are representative of 10 independent experiments. (B) The FLIP protocol was modified for measuring the loss of fluorescence of GFPNup98 at nuclear pores. The focal plane is set at the surface of the nuclear envelope and, to reduce photobleaching during imaging, fewer scans were taken over a longer time by inserting a 5-s time delay between images. Scale bar, 5 m. A and B are included as videos in the supplementary material.
Transcription-dependent Nup98 Dynamics Vol. 13, April 2002GFP-Nup98 in both the nucleoplasm and the nuclear bodies. This was not a generalized inhibition of all mobility within the nucleus; FRAP analysis was conducted on both GFP-ASF and GFP-fibrillarin after actinomycin D treatment, and no decrease in their recovery was observed (Griffis and Powers, unpublished results). We also found loss of fluorescence recovery when GFP-Nup98 was photobleached at the nuclear pore complexes (Griffis and Powers, unpublished results) . In contrast to these nuclear results, the small amount of GFP-Nup98 that is present in the cytoplasm remained fully mobile after photobleaching. When the cytoplasm was repetitively bleached in an FLIP experiment in the presence of transcription inhibitors, there was no significant loss of nuclear fluorescence (Griffis and Powers, unpublished results) . Thus, in the absence of transcription, Nup98 was no longer in equilibrium between the nuclear and cytoplasmic compartments.
Treatment of cells with a second inhibitor of transcription, DRB, produced the same loss of Nup98 mobility, both within the nucleus and at the nuclear pore (Figure 7 , B and C). Again, this is not a generalized effect on nuclear proteins; as previously reported (Kruhlak et al., 2000) , we found no decrease in GFP-ASF mobility after DRB treatment. Importantly, the inhibitory effect on Nup98 was specific to transcription-blocking agents. Treatment of cells with leptomycin B, a potent inhibitor of protein export via the CRMdependent pathway, had no effect on Nup98 mobility (Griffis and Powers, unpublished results) . Likewise, cycloheximide, an inhibitor of protein synthesis, aphidicolin, an inhibitor of DNA replication, verapamil, an inhibitor of the multidrug transporter, and A23187, a calcium ionophore, had no effects (Griffis and Powers, unpublished results) . Because DRB acts via inhibition of RNA polymerase II phosphorylation, we asked whether other kinase inhibitors might produce a similar decrease in Nup98 mobility. We found that neither staurosporine, a broad-spectrum kinase inhibitor, nor roscovitine, a cdk inhibitor, caused any alteration in Nup98 mobility in any cellular compartment (Griffis and Powers, unpublished results) . We conclude from these inhibitor studies that Nup98 mobility is strongly coupled to ongoing transcription, especially by RNA polymerases I and II. Thus, Nup98 is a nucleoporin that may play an important role by linking RNA transcription to RNA export via the nuclear pores.
DISCUSSION
Through a combination of immunofluorescence and immunoelectron microscopy, we have demonstrated that the nucleoporin Nup98 is localized both within the nucleus and at the nuclear pore. Within the nucleus, Nup98 is in equilibrium between the nucleoplasm and a novel nuclear structure, the GLFG body. Further, through photobleaching studies in live cells, we have shown that Nup98 moves dynamically between the nuclear interior and the nuclear pore complex and that this movement is dependent on ongoing transcription. Additionally, Nup98 moves between the nucleus and the cytoplasm. Although movement of Nup98 between these compartments is sensitive to inhibitors of transcription, the mobility of Nup98 in the cytoplasm is not affected. Taken together, these results indicate that Nup98, which we have previously shown to contribute to RNA export, may provide a functional connection between RNA transcription and export.
Several years ago, we first reported the localization of a fraction of Nup98 to the nuclear interior (Powers et al., 1995) . At that time, it was unclear precisely how a nucleoporin might function other than at the pore complex, although Nup98-depleted nuclei had major defects in nuclear organization and DNA replication. Since then, other nuclear poreassociated proteins with at least partial nucleoplasmic distributions have been described. Ranbp3 is a Ran GTP- binding protein of the Ranbp1 family and is found in the nucleoplasm (Mueller et al., 1998) . Rip/Rab is an HIV Revbinding protein with FG repeat motifs (Bogerd et al., 1995; Fritz et al., 1995; Stutz et al., 1995) . Nup50 is an FG repeatcontaining nucleoporin that interacts with Nup153 (Guan et al., 2000) . Both of these proteins are found in the nucleoplasm and at the nuclear pore complex. Rae1/Gle2 is an RNA export factor that binds to Nup98 at the pore and is also seen both inside the nucleus and in the cytoplasm (Murphy et al., 1996; Bharathi et al., 1997; Pritchard et al., 1999) . Perhaps most significantly, Tpr was found to form fibers that extend into the nucleus from the nuclear pore complex (Cordes et al., 1997; Zimowska et al., 1997) . Fontoura et al. (2001) recently reported that Tpr can interact with Nup98 in vitro. Intriguingly, in cultured Drosophila cells, Tpr can also be seen by immunofluorescence microscopy in bodies within the nucleus (Zimowska et al., 1997) .
What are the intranuclear GLFG bodies? They are clearly distinct from the well characterized Cajal bodies, PML/ ND10 bodies, and splicing factor speckles based on both staining with marker antibodies and electron microscopic structure. The 0.2 m diameter spheres most closely resemble the simple nuclear bodies previously noted in electron microscopy studies, sometimes seen as multiple associated bodies (reviewed by Brasch and Ochs, 1992) . However, novel bodies have been emerging as more proteins are shown to associate with nuclear foci (Pombo et al., 1998; Nayler et al., 2000) . Most such nuclear bodies appear to function as storage or recycling sites for transcription and processing factors (Matera, 1999) . In at least one case, however, active transcription is associated with a type of nuclear body (Pombo et al., 1998) . However, we have found that the active, phosphorylated form of RNA polymerase II is not concentrated in the GLFG bodies (Griffis and Powers, unpublished results) . It is possible that the GLFG bodies serve to store Nup98 and perhaps other factors involved in RNA export.
How is Nup98 targeted to the nuclear GLFG bodies? It is clear that the GLFG repeat domain is responsible for directing Nup98 to these structures. This could occur through interaction with an endogenous factor or it is possible that the formation of bodies is initiated by self-interaction between multiple Nup98 proteins. Such a self-interaction has been proposed for the initiation of Cajal body formation by p80 coilin (Hebert and Matera, 2000) . Gel exclusion chromatography indicates that during mitosis Nup98 exists in a complex of ϳ450 kDa Matsuoka et al., 1999) . The stoichiometry of this complex is unknown. However, because the only other known member is the 42-kDa protein, RaeI/Gle2, it is possible that Nup98 does in fact associate with itself to form a multimeric complex. Our preliminary colocalization experiments did not detect Tpr in the GLFG bodies, but a careful analysis to exclude the presence of Tpr should entail the use of antibodies to multiple domains of this large protein, because some regions may not be accessible when incorporated into a structure. Similarly, we did not find other nucleoporins (Nup214, Nup153, p62) or transport factors (importin ␣, importin ␤, CRM, TAP) in the GLFG bodies (Griffis and Powers, unpublished results) . Identification of the full composition of the Nup98 bodies may await purification of these structures and characterization of protein components.
When observing GFP-Nup98 -expressing cells over long periods of time (8 -10 h), the GLFG bodies do not move far from their original location within the nucleus; they appear to be tethered in one region (Griffis, Altan, LippincottSchwartz, and Powers, unpublished observation) . Such limited mobility over time has been similarly reported for splicing factor bodies (Eils et al., 2000; Kruhlak et al., 2000) and coiled bodies (Platani et al., 2000) . This is distinctly different from the artifactual foci observed after transfection with fluorescent histone deacetylase, which move rapidly around the nucleus over a short time span (Kruhlak et al., 2000) . Cajal bodies, although less mobile than the histone deacetylase, appear to be more motile than either GLFG or splicing factor bodies (Platani et al., 2000) . Over time, the GLFG bodies do not vary appreciably in size or intensity, even without cycloheximide treatment. In this respect, they are similar to Cajal bodies, which have an established size and change only by fusion or fission (Platani et al., 2000) . Nup98 trafficks in and out of the GLFG bodies with an immobile fraction of only 25%. The dynamic association of constituent proteins is also characteristic of the known nuclear compartments or bodies (reviewed by Matera, 1999; Misteli, 2001) .
Why is Nup98 not freely mobile in the nucleus? In FRAP experiments similar to those presented here, other nuclear protein-GFP fusions have also proven to have significantly longer recovery times after photobleaching than does free GFP. It is proposed that nuclear proteins, even when localized in the nucleoplasm rather than in a nuclear structure, undergo continuous transient interactions with other nuclear proteins that may be relatively less mobile (Misteli, 2001; Pederson, 2001) . Such interactions would not occur with the nonphysiological, nuclear GFP. It is not surprising that Nup98 might interact with other proteins in the nucleoplasm. In particular, the GLFG repeat domain of Nup98 binds to soluble nuclear export factors such as TAP and CRM (Neville et al., 1997; Bachi et al., 2000; Strasser et al., 2000; Strawn et al., 2001) . The N-and C-terminal domains are inherently slightly more mobile than the repeat domain, suggesting that they may participate in fewer, or perhaps more transient, protein interactions within the nucleus. However, all three domains of Nup98 are significantly less mobile than free GFP. A sequence within the N-terminal domain of Nup98 constitutes a binding site for the RNA export factor, RaeI/Gle2 , and the C-terminal domain could interact with as yet unidentified proteins. Nup98 also binds to Tpr, a component of nuclear filaments, although the domain of Nup98 involved in this interaction is as yet undetermined (Fontoura et al., 2001) .
We found that the transcription inhibitor actinomycin D dramatically reduced both the mobility of Nup98 within the nucleus and the movement of Nup98 between nuclear and cytoplasmic compartments. At the concentrations used here, actinomycin D is a potent inhibitor of both RNA polymerases (Pol) I and II. Our previous antibody injection experiments indicated a role for Nup98 in nuclear export of both Pol I and Pol II transcripts (Powers et al., 1997) . It is interesting to note that such injection experiments could not distinguish where the antibody was impairing the function of Nup98, in the nucleoplasm, at the nuclear pore, or possibly at both locations. DRB blocks only Pol II transcription; it is not known to inhibit rRNA transcription by Pol I. We observed a slightly less complete inhibition of mobility by DRB, which may reflect the continuing production of some export substrates. When individual domains of Nup98 were examined, it was the GLFG domain alone whose mobility was sensitive to actinomycin D (Griffis and Powers, unpublished results) . Strikingly, the GLFG domain has been proposed to interact with the transcription apparatus; fusion of this domain to a DNA-binding motif results in aberrant activation of transcription . Although the precise mechanism of transcriptional activation is as yet unclear, cellular transformation and transcriptional activation by the fusion protein correlate with the ability of the GLFG repeat domain to bind in vitro to the transcriptional coactivators, CREB-binding protein and p300. Thus, it is the GLFG repeat domain that links Nup98 to transcription.
In keeping with our findings, it was previously suggested that Nup98 and Nup214 might be mobile components of the nuclear pore complex (Zolotukhin and Felber, 1999) . Interestingly, the consequences of actinomycin D treatment in that report were strikingly different from our results; in contrast to the loss of Nup98 mobility that we observe, Zolotukhin and Felber reported that Nup98 relocalized to the cytoplasm, as has been seen with other RNA-binding proteins such as hnRNP A1. This distinct difference in outcome may possibly result from a difference in cell lines. The HeLa-derived cell line used in the experiments of Zolotukhin and Felber constitutively expressed the HIV Tat protein, a regulator of HIV transcriptional elongation that has also been suggested to interact with transcriptional coactivators CREB-binding protein and p300 (Hottiger and Nabel, 1998; Vo and Goodman, 2001 ). Zolotukhin and Felber did not observe relocalization of Nup98 in Xenopus cells after actinomycin D treatment, nor, in similar experiments, did we (Smith and Powers, unpublished data). It would be interesting to test the mobility of GFP-Nup98 in the HeLa-tat cells.
In summary, we have shown that the GLFG nucleoporin, Nup98, is a dynamic component of the nuclear pore complex. Nup98 is mobile within the nucleoplasm and associates both with a novel structure, the GLFG body, and with the nuclear pore complex. The data presented here, along with our previous studies showing a role for Nup98 in nuclear export, are consistent with a model in which Nup98 interacts with the pore-associated filament network to facilitate export of mRNA, snRNA, and rRNA. Nup98 could transiently bind to or progress along this network through a mechanism that is coupled to ongoing RNA transcription. Thus, one role for a mobile nucleoporin may be the direction of export substrates to the pore. This may be a common function of the mobile nucleoporins, or there may be as yet undetermined functions contributed by other dynamic components of the nuclear pore complex.
